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ABSTRACT 



We present the results of the one year long observational campaign of the type II-plateau 
SN 2005cs, which exploded in the nearby spiral galaxy M51 (the Whirlpool Galaxy). This ex- 
tensive dataset makes SN 2005cs the best observed low-luminosity, 56 Ni-poor type II-plateau 
event so far and one of the best core-collapse supernovae ever. The optical and near-infrared 
spectra show narrow P-Cygni lines characteristic of this SN family, which are indicative of 
a very low expansion velocity (about 1000 kms~') of the ejected material. The optical light 
curves cover both the plateau phase and the late-time radioactive tail, until about 380 days 
after core-collapse. Numerous unfiltered observations obtained by amateur astronomers give 
us the rare opportunity to monitor the fast rise to maximum light, lasting about 2 days. In 
addition to optical observations, we also present near-infrared light curves that (together with 
already published UV observations) allow us to construct for the first time a reliable bolo- 
metric light curve for an object of this class. Finally, comparing the observed data with those 
derived from a semi-analytic model, we infer for SN 2005cs a 56 Ni mass of about 3 x 10~ 3 
M , a total ejected mass of 8-13 M and an explosion energy of about 3 x 10 50 erg. 

Key words: supernovae: general - supernovae: individual (SN 2005cs) - supernovae: individ- 
ual (SN 1997D) - supernovae: individual (SN 1999br) - supernovae: individual (SN 2003Z) - 
galaxies: individual (M51) 
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1 INTRODUCTION 

Underluminous, low-energy, 56 Ni-poor type IIP supemovae (SNe 
IIP) form one of the most debated core-collapse supernova (CC 
SN) sub-groups due to the unveiled nature of their progenitors. The 
controversy started with the discovery of the puzzling SN 1997D 
dTuratto et al]|l998l: iBenetti et ai]|200ll) . The unusual characteris- 
tics of this SN were well modelled with either a core-collapse ex- 
plosion of a very massive (more th an 20 M Q ) star with large fallback 
of material dZampieri et al.lll998|). or with the explosion of a less 
massive progenitor (8-10 Mo, [chugai & Utrobinl fcoOO). close in 
mass to the lower limit for stars which can undergo core-collapse. 

Several other SNe have been found sharing observational 
properti es with SN 1997D, v iz. SNe 1994N, 1999br, 1999eu, 
2001dc dPastorello et ail 12004), while data for another group of 
low-luminosity SNe IIP (S Ne 1999gn 2002g d, 2003Z, 2004eg, 
2006ov) will be presented bv lSpiro et ai1d2009I) . SN 1999br, in par- 
ticular, h ad even more extreme observed properties than SN 1997D 
(see also lHamuvll2003l ; IPasto rello 2003). Despite the modelling of 
the light curve and spectral evol ution of SN 1999br s uggested that 
the precursor was a 16M Q star dZampieri et al] |2003). direct mea- 
surements based on a marginal detection on pre-explosion Hubble 
Space Telescope (HST) archival images (see lVan Dvk et alj|2003l : 
iMaund & Smartt 20051) indicated a progenitor with upper mass 
limit of 12 M*. ISmartt etafl d2008h recently revised this estimate, 
increasing the upper limit up to 15 M Q . However, we have to admit 
that, due to the uncertainties on dust extinction and to the lack of 
colour information, the mass limit for the progenitor of SN 1999br 
still remains poorly constrained. 

In the context of faint transients, it is worth ment ioning also 
the ex tr eme case of a recent tr ansie nt in M85. Althou gh lOfek et all 
d2007l) , iKulkarni et al] d2007l) and iRau et all d2007l) classified it 
as an anomalous, luminous red nova possibly resulting from a 
rather exotic stellar merger, it shares some similarities with the 
SN 1997D-like events (resembling also a faint type Iln SN). As 
a consequence, it wo uld be the faintest SN II ever discovered 
dPastorello et alj|2007l) . Moreover, IValenti et al] d2009t) present a 
study of the faintest SN Ib/c ever discovered, SN 2008ha, and pro- 
pose that the whole family of objects similar to SN 2002 cx and 
previously classified as peculiar type la SNe (e.g. iLi et al. I [20031) 
are instead underluminous, stripped-envelope core-collapse SNe. 

The first opportunity to study fairly well the progenitor of 
an underluminous SN IIP and its environment was given by SN 
2005cs. The short distance of the host galaxy (M51) allowed to 
univocally recover the precurso r star in a set of HST images ob - 
tained before the SN explosion dMaund et alj2005tlLi et alfeoOtj) . 
The progenitor appeared to be a red supergiant (RSG) with an ab- 
solute V band magnitude around -6 and initial mass of 7-13 M Q . 
Th is mass range is also in excellent agreement with that derived 
by iTakats & Vinkol d2006l . about 9M Q ) using an updated host 
galaxy distance estimate, based on both the Expanding Photosphere 
Method (EPM) and the S tandard Candle s Meth od (SCM), and with 
the estimate obtained by Eldrid ge"et alj d2007l 6-8 M Q ) studying 
the expected optical and near-infrared (NIR) magnitudes for RSG 
stars. The only attempt performed so far to determine the mass of 
the pr ecursor of SN 2005cs via hydrodynamic modelling of the SN 
data dUtrobi n & Chugai 200jl) gave a remarkably higher pre-SN 

mass ( 17.3 ± 1.0M e ). 

In lPastorello et al]d2006l) dPaper it) the evolution of SN 2005cs 
at optical wavelengths during the first month aft er explos i on wa s 
shown. Early-t i me da t a were also presented by Li et al. 
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Figure 1. The Whirlpool Galaxy (M51): r-band image obtained with the 
2.56-m Isaac Newton Telescope on 2003 July 27 by M. Watson (ING Sci- 
ence Archive, http://casu.ast.cam.ac.uk/casuadc/archives/ingarch 1. The se- 
quence of stars in the field of M5 1 used to calibrate the optical magnitudes 
of SN 2()05cs is indicated. The four sequence stars used to calibrate the 
near-infrared photometry are marked with capital letters. 
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Figure 2. Images of the site of explosion of SN 2005cs between June 26th 
and 28th, 2005, taken by M. Fiedler with his 0.35-m Telescope. The first 
unfiltered image (top-left, resulting from the combination of 10 individual 
images of 600s each) was obtained on June 26 at an average UT=22.3, 
which is near the expected time of the shock breakout. The other B band 
images, obtained during the subsequent 2 days, show the rapid brightening 
of SN 2()05cs. 



snown. tarty-time data were also presented 
iTsvetkov et all d2006l) . iGnedin et alj (2007), 



Brown et al 



2006), 



2007) 



iDessart et al] d2008l) . Data of iBrown e t al. (2007) are of particular 
importance because they show for the first time the early-time evo- 
lution of an underluminous SN IIP in t he UV an d X-ray domains. 

The distance to M51 adopted in IPaper ll w as d = 8.4 Mpc 
(base d on plane tary nebulae luminosity function, iFeldmeier et al.1 
Il997h . However, Takats & Vinkd (2006), averaging their EPM- and 
SCM-based estimates with others available in literature, proposed 
a distance of 7.1 ± 1.2 Mpc, that is significantly lower than that 
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Table 1. Magnitudes of the sequence stars in the SN field (see Figure[T}. The errors are the r.m.s. of the average magnitudes. 
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of lFeldmeieretalJ ( ll997h . Since most independent methods appear 
to converge to lower values for the distance, i n this paper we will 
adopt the average estimate of lTakats & Vinkol d200d) . which corre- 
sponds to distance modulus \i = 29.26 + 0.33. 

The total extinction in the direction of SN 2005cs is also quite 
debated, although there is clear evidence fr om spec troscopy that 
the SN light is only marginally reddened. In lPaperl, a colour ex- 
cess of E(B - V) = 0.11 mag was adopted. lMaund et al.l 1 ,20051) 
and iLi et ail J20061) suggested even higher reddening values, i.e. 
E(B - V) = 0. 14 mag and E(B - V) = 0.12 mag, respect ively. How- 
ever, spectral models presented by iBaronet al] §007) reproduce 
well the observed spectra of SN 2005cs dereddened by a lower 
amount, about 0.03 5-0.050 mag (0.035 mag is the Galactic red- 
dening repor ted by Schleg eTet alj 1 199^) . We find the arguments 
presented bv lBaron et al. 1 2007 ) convincing, and adopt hereafter a 
reddening of E(B — V) = 0.05 mag. 

In this paper we present the entire collection of optical and 
NIR data of SN 2005cs, obtained through a coordinated observa- 
tional campaign which lasted for more than one year and was per- 
formed using a number of different telescope s. We als o include in 
our analysis optical photometry presented in IPaper J and prelim- 
inarily calibrated making use of the same sequence of star s used 
in th e study o f the type Ic SN 19941 ( .Richmond et alj|l996h . Data 
from lPaper J have been recalibrated using a new, wider sequence of 
local standards (labelled with numbers or capital letters, FigureQ}, 
whose magnitudes and errors are reported in Table [JJ 

The manuscript is organised as follows: in Section [2] we 
present the optical and NIR photometric data of SN 2005cs, in Sec- 
tion [3] we compute its bolometric light curve and compare it with 
those of other SNe IIP, while in Section [4] we analyse the entire 
spectral sequence. In Section[5]we discuss the nature of the progen- 
itor of SN 2005cs, through the modelling of the observed data of 
the SN itself (Section r5.lt and in the context of the low-luminosity 
type IIP SN class (Section l5.2t . Finally, in Section [6] we briefly 
summarize the main results of this paper. 



2 PHOTOMETRY 

The systematic photometric monitoring of SN 2005cs began on 
June 30th, 2005, 3 days after the SN discovery. However, earlier 
unfiltered images obtained by amateurs astronomers were also col- 
lected. These data are particularly important because they show the 
light curve evolution soon after the shock breakout. There is no ev- 
idence of the SN presence in images obtained on June 26, 2005, 



but the SN was clearly visible the subsequent day (Figure [2j. The 
SN was then followed for one year (until July 2006) in the optical 
bands, and until December 2006 in the near-infrared (NIR). A few 
optical observation obtained in 2007 show no trace of the SN. 

Optical data were reduced following standard prescriptions in 
IRAF environment. Magnitude measurements were performed on 
the final images (i.e. after overscan, bias, flat field correction) with 
a PSF-fitting technique, after subtracting images of the host galaxy 
obt ained before the SN ex plosion (for details about this technique 
see lSollerman et al]|2002l) . The calibration of the o ptical photome- 
try was performed making use of standard fields of LandohKHii) 
observed in the same nights as the SN. The SN magnitudes were 
then determined relative to the magnitudes of a sequence of stars 
in the field of M5 1 (Figure [JJ and Table [TJ, computed averaging 
the estimates obtained during several photometric nights. The cali- 
brated SN magnitudes in optical bands are reported in Table|2] 

Except for a few observations in the B band, most early- 
time amateur images were obtained without filters. However, we 
checked the quantum efficiency curves of all CCDs used in these 
observations and, depending on their characteristics, unfiltered 
measurements were rescaled to V or R band magnitudes (with 
the same prescription s as in the case of the SN lib 2008ax, see 
iPastorello et alj |2008"). using the same local stellar sequence as for 
filtered photometry (Figure Q] and Table [T). The calibrated magni- 
tudes derived from amateur observations are listed in Table[3] 

For the NIR photometry we used a slightly different approach. 
The contamination from the sky, which is extremely luminous and 
rapidly variable in the NIR, first had to be removed. To this aim, 
sky images, obtained by median-combining several exposures of 
relatively empty stellar fieldsQ were subtracted from individual SN 
frames. The final NIR images of the SN were obtained combin- 
ing several dithered exposures. SN magnitudes were then computed 
with reference to a sequence of stars (labelled with capital letters in 
Figure [TJ, whos e magnitudes were cali brated using ARNICA NIR 
standard fields ( Hunt et al. 1998, i2000h and that were found to be 
in good agreement with those of the 2MASS catalogue (see Table 
Q}. NIR magnitudes of SN 2005cs are reported in Table|4] 



1 Sky images are usually obtained a short time apart the SN observations, 
pointing the telescope toward a relatively empty sky region, which has to be 
relatively close (a few arcminutes far away) from the SN coordinates. 
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Table 2: UBVRIz magnitudes of SN 2005cs and assigned errors, which account 
for both measurement erro rs and un certainties in the photometric calibration. The 
observations presented in Paper I are also reported, recalibrated with the new 
sequence of stars identified in FigureQ] 
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Table 2: continued. 



Date 


JD 
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B 


V 


R 


/ 
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dd/mm/yy 


(+2400000) 
















04/11/05 

VJtf x x i \J~J 


53678 64 
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18 825 < 280) 


17 419 ( 042) 

x / »^xv y*\j~^ j 
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05/11/05 


53679 77 
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21 053 < 290) 


18 870 ( 176") 


17 483 < 089) 


16 673 ( 078) 

1 v.u / ^ y*\j / yj j 


15 943 ( 280) 

x ^y * v 1 ^' \ * ±^yjvj j 
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07/1 1/05 

yj 1 1 x x / yj~j 


53681 76 

»J *V VJ IX X . / \J 
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> 19.34 
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1 6 656 ( 044) 
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1 5 9 1 6 ( 1 04) 




08/11/05 


53682 65 






18 929 < 086) 


17 441 f 040) 
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09/11/05 


53683 70 
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19 063 t 067) 


17 460 f 042) 
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53683 76 


>18.21 
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x / .^J^jyj ^.UJi*y 






6 


11/11/05 

11/11/ v/^y 


53685 77 
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n/i 1/05 
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^y ^ > vj <j / * / u 








17 556 f 088) 
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25/1 1/05 
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*V .v VJ V V . 1 




21 393 < 530) 
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x vx ■ Z- \ * ^ j—. yj ) 
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02/12/05 
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~J 1 VJVJ . 1 X 




21 511 ( 340) 

— i . *_> i i \ ■ i v/ y 


19 448 c 075) 


18 007 f 024) 






1 


03/12/05 


53707.74 






19 429 t 120) 




17.096 (.061) 




6 


03/12/05 


53707 75 




21 562 T 470) 


19 435 ( 095) 




17 051 f 163) 


16 196 ( 450) 




05/12/05 


53709 74 

*j *j / vj v ■ i i 




21 545 ( 244) 


19 433 c 174) 

xv* i ^ wi / r y 


17 875 f 045) 


17.062 (.095) 


16 285 ( 051) 


6 


12/12/05 


53715 57 




21 636 ( 430) 




17 871 ( 148) 


17 195 ( 095) 




3 


14/12/05 

x Tf x z.y vx».' 


53718 69 




>20.34 


19 524 C 102) 


1 7 959 f 042) 


17 191 f 048) 






22/12/05 


53725.72 




21 632 ( 350) 


19 549 < 115) 

X V • \^ ■ X x ^y ^ 




17.261 (.063) 
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27/12/05 

z. / / x z.y vx».' 


53731 64 

— ' -J / ~J X . VJT^ 






1 9 563 < 220) 


1 8 077 f 078) 


1 7 237 f 047) 






31/12/05 

J 1/ 1 i./ VX»y 


53735 62 






1 9 577 C 1 84) 


18 1 30 f 1 22) 


1 7 290 ( 032) 

x / .i*y u ^.vy*yz.y 






15/01/06 

± J \J ± J \J\J 


53750 74 

^j *v / vj * / i 






19 479 f 220) 
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03/02/06 


53769 54 




>20.30 
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03/02/06 

\J^}j \J\J 


53769 72 

•j j i vj v . / 






1 9 525 f 079) 
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04/02/06 


53770 57 






19.610 (.044) 


18 380 fill) 

X U . ^/ <v V/ I .1 1 1^ 


17 523 f 038) 




6 


08/02/06 


53774 63 

/ / r . vj.v 




21 774 ( 250) 


19 613 f 102) 

XV. V_/ X lu^ 


18 550 f 043) 


17 645 f 081) 

x / * \j r^f y*\j i_j 1 j 
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20/02/06 

z-vyy v/z.y vxvx 


53786 57 






1 9 642 ( 052) 


18 578 < 136) 


1 7 749 ( 052) 
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06/03/06 

\-j\jf yj-Jf 


53800 57 






19 708 t 420) 


18 604 ( 053) 


17 879 f 310) 




6 


19/03/06 

x v/ \J*Jj \J\J 


53814 46 




21.823 (.210) 










6 


20/03/06 

£-\Jj \J \Jj \J\J 


5381 5 45 






1 9 707 T 1 00) 

1 V « 1 \J 1 y. X Vjv/ y 


1 8 605 ( 034) 


17 880 ( 082) 




6 


24/03/06 


53818 63 






19 727 f 046) 


18 630 f 034) 


17 920 f 090) 




7 


04/04/06 


53830.46 






19.808 (.094) 


18.667 (.041) 


17.951 (.036) 




6 


19/04/06 


53845.40 






19.896 (.046) 


18.757 (.063) 


18.023 (.039) 




6 


03/05/06 


53859.42 




22.033 (.320) 










6 


04/05/06 


53860.41 






20.001 (.087) 


18.964 (.064) 


18.182 (.058) 




6 


15/05/06 


53871.67 






20.128 (.119) 


18.983 (.225) 


18.217 (.110) 




6 


17/06/06 


53904.51 






20.355 (.081) 


19.437 (.091) 


18.545 (.050) 




6 


09/07/06 


53926.43 






20.679 (.200) 


19.505 (.280) 


18.967 (.240) 




6 


30/01/07 


54130.56 






>22.42 


>21.99 


>20.69 




7 



1 = 0.8-m Wendelstein Telescope + MONICA (University Observatory Munich, Mt. Wendelstein, Germany); 

2 = 2.2-m Calar Alto Telescope + CAFOS (German-Spanish Astronomical Center, Sierra de Los Filabres, Andalucia, Spain); 

3 = 1.82-m Copernico Telescope + AFOSC (INAF - Osservatorio Astronomico di Asiago, Mt. Ekar, Asiago, Italy); 

4 = 8.2-m Subaru Telescope + FOCAS (National Astronomical Observatory of Japan, Mauna Kea, Hawaii, US); 

5 = 0.72-m Teramo-Normale Telescope + CCD camera (INAF - Osservatorio Astronomico di Collurania, Teramo, Italy); 

6 = 2.0-m Liverpool Telescope + RatCAM (La Palma, Spain); 

7 = 3.58-m Telescopio Nazionale Galileo + Dolores (Fundacion Galileo Galilei-INAF, La Palma, Spain); 

8 = 1.52-m Cassini Telescope + BFOSC (INAF - Osservatorio Astronomico di Bologna, Loiano, Italy). 
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6 Pastorello et al. 



Table 3. Early time BVR magnitudes of SN 2005cs from amateur observa- 
tions. The errors take into account both measurement errors and uncertain- 
ties in the photometric calibration. The B-band magnitudes are derived from 
filtered images. All other images were unfiltered, but rescaled to the V band 
or R band photometry depending on the peak of the quantum-efficiency 
curve of the detector s used by the amateurs (see also the discussion in 
IPastorello et alj200Sh . 
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ID 

(+2400000) 
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S 


Inst. 


19/06/05 


53540.55 






> 17.0 
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25/06/05 


53547.44 






> 18.4 
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26/06/05 


53548.39 


>17.3 


> 17.7 


> 17.6 


C+ 


26/06/05 


53548.43 






>19.7 


D 


27/06/05 


53549.41 


16.728 (.122) 






D ; 


27/06/05 


53549.42 




16.367 (.330) 




E 


27/06/05 


53549.43 






16.301 (.073) 


F 


27/06/05 


53549.43 




16.250 (.161) 
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27/06/05 


53549.44 






16.302 (.086) 


F 


27/06/05 


53549.45 


16.375 (.145) 






D : 


27/06/05 


53549.46 


16.319 (.153) 






Dt 


27/06/05 


53549.46 




16.224 (.278) 
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27/06/05 


53549.49 






16.214 (.154) 


H 


28/06/05 


53550.41 


14.677 (.124) 






D ; 


28/06/05 


53550.42 


14.654 (.148) 






D ; 


28/06/05 


53550.43 




14.872 (.150) 
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30/06/05 


53551.51 






14.475 (.170) 


H 


30/06/05 


53552.37 




14.499 (.150) 




I 


30/06/05 


53552.44 




14.493 (.222) 
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30/06/05 


53552.46 




14.491 (.165) 




G 


JU/ud/Uj 
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01/07/05 


53552.56 




14.498 (.155) 




G 


01/07/05 


53553.46 




14.527 (.169) 
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02/07/05 


53554.46 




14.538 (.146) 
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03/07/05 


53555.44 




14.539 (.085) 
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03/07/05 


53555.48 




14.552 (.046) 




G 


06/07/05 


53558.44 






14.334 (.130) 


F 


08/07/05 


53560.42 






14.358 (.121) 


F 


08/07/05 


53560.48 




14.586 (.086) 




G 


09/07/05 


53561.43 




14.588 (.075) 




G 


10/07/05 


53562.47 




14.600 (.093) 




G 


12/07/05 


53564.44 




14.593 (.082) 




G 


13/07/05 


53565.43 




14.628 (.107) 




G 


14/07/05 


53566.47 




14.663 (.071) 




G 


15/07/05 


53567.46 




14.692 (.239) 




G 


17/07/05 


53569.40 




14.731 (.073) 




G 


19/07/05 


53571.45 




14.724 (.241) 




G 


20/07/05 


53572.41 




14.724 (.148) 




G 



photometry obtained from images with filters 



A = 80-mm Skywatcher ED80 Refractor Telescope + SBIG ST-7 Dual CCD Camera with 
KAF-0400 (I. Uhl, Rheinzabern, Germany); 

B = 0.2-m Orion SVP Reflector Telescope + Starlight Xpress MX5C CCD Camera (C. McDonnell, 
Holliston, Massachusetts, US); 

C = 0.4-m Newton Telescope + ERG1 10 CCD (Osservatorio Astronomico Geminiano Montanari, 
Cavezzo, Modena, Italy); 

D = 0.35-m Maksutov Newtonian Reflector Telescope + SBIG ST10XME CCD Camera with 
KAF-3200ME (M. Fiedler, Astroclub Radebeul, Germany); 

E = 0.356-m Celestron 14 CGE Telescope + SBIG ST-2000 CCD (P. Marek, Skymaster 
Observatory, Variable Star Section of Czech Astronomical Society, Borovinka, Czech Republic); 
F = 0.4-m Meade Schmidt-Cassegrain Telescope + Marconi (E2V) CCD 47-10 (P. Birtwhistle, 
Great Sheffbrd Observatory, West Berkshire, England); 

G = 0.203-m f/4.0 Meade Newtonian Reflector Telescope + DSI-Pro II CCD Camera (W. Kloehr, 
Schweinfurt, Germany); 

H = 0.28-m Celestron 11 + MX7-C CCD (U. Bietola, Gruppo Imperiese Astroflli, Imperia, Italy); 
I = 0.20-m Celestron 8 SCT + Starlight Xpress MX916 CCD (P. Corelli, Mandi Observatory, 
Pagnacco, Udine, Italy); 

J = 0.25-m Newton f/4.8 Telescope + StarLight Xpress SXL8 CCD (T. Scarmato, Toni Scarmato's 
Observatory, San Costantino di Briatico, Vibo Valentia, Italy). 



2.1 The Rising Branch 

After the collapse of the stellar nucleus, a shock wave travels from 
the core region outward, and reaches the outer envelope on time 
scales of hours. When the shock wave reaches regions of low op- 
tical depth, the SN begins to shine. This phenomenon is called 
shock breakout and is expected to manifest as a brief (few hours) 
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Figure 3. SN 2005cs in M5 1 : the rising branch of the optical light curves , 
compared with SN 2006bp iNakano & Itagaki 200rj: lOuimbv et al.ll2007ri . 
The phase is computed from the adopted time of the shock breakout (JD = 
2453549 .0 ± 0.5). A detecti on limit obtained on June 20 by K. Itagaki (R> 
17.0, see iKloehr et alj2005h is also shown. 



burst of high-frequency (UV and X-ray) emission. Though theo- 
retically expected, this sharp UV excess was only occasionally ob- 
served in type IIP SNe, and mostly during the post-peak decline. 
For example, the peculiar SN 1987 A sh owed some evidence of it 
dKirshner et alJl98llHamuv et al.ll988l). The type I IP SN 2006bp 
was also discovered very young JOuimbv et alj2007l), but not early 
enough to see the i nitial rise of the UV excess jlmmler et alj|2007l : 
iDessart et all2008l) . More recently, two other type IIP SNe discov- 
ered by the Supernova Legacy Survey were observed by GALEX 
soon after core-collap se and showed some evidence of a fast -rising 
UV light peak dSchawinski et al.ll2008l ; | Gezari et al. 2008). This 
sharp peak is much weaker (or totally invisible) in the optical 
bands, that only show a relatively fast rise (2-3 days) to the plateau. 
Due to its intrinsic brevity, also the optical rising phase o f a SN IIP 
was rarely observed in the past (e.g. lOuimbv et al]|2007l) . 

SN 2005cs was discovered soon after its explosion (see 
IPastorello et alj20 06). mainly because M5 1 is one of the most fre- 
quently targeted nearby galaxies by amateur astronomers. For this 
reason, a number of images obtained shortly before (and soon after) 
core-collapse are available. We analysed several of these images, 
and derived a number of significant pre-explosion limits and the 
very early-time B, V and R band photometry of SN 2005cs (Fig- 
ure[3]l- These measurements, obtained around the discovery epoch, 
provide a robust constraint on the epoch of the explosion and the 
rare opportunity to observe the fast rise to the light curve maxi- 
mum of a type II SN. The non-detection at JD = 2453548.43 and 
the detection at JD = 2453549.41 allow us to estimate the time of 
the shock breakout to be around JD = 2453549.0 ± 0.5 (this epoch 
co rresponds to day i n Figure [3] and hereafter). As pointed out 
by IDessart et aD |2008), there is a time interv al elapsing between 
the beginning of the expansion (computed by IDessart et alJr2008l . 
JD = 2453547.6) and the instant of the optical brightening. 

Remarkably, the sharp peak of light soon after core-collapse 
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Table 4. JHK magnitudes of SN 2005cs and assigned errors, which take 
into account both measurement errors and uncertainties in the photometric 
calibration. 



Date 
dd/mm/yy 


ID 

(+2400000) 


J 


H 


K 


[nst. 


02/07/05 


53554.38 


14.434 (.052) 


14.170 (.031) 




1 


11/07/05 


53563.41 


14.202 (.075) 


13.813 (.068) 


13.848 (.085) 


1 


21/07/05 


53573.39 


13.980 (.022) 


13.742 (.045) 




1 


22/07/05 


53574.45 






13.637 (.073) 


1 


24/07/05 


53575.53 


13.910 (.022) 


13.690 (.013) 


13.621 (.022) 




27/07/05 


53579.44 


13.901 (.028) 


13.668 (.039) 


13.652 (.109) 


1 


28/07/05 


53580.40 


13.887 (.028) 


13.699 (.105) 


13.623 (.157) 


1 


01/08/05 


53584.42 


13.843 (.031) 


13.626 (.037) 


13.557 (.065) 


1 


02/08/05 


53585.33 


13.814 (.027) 


13.608 (.058) 


13.549 (.160) 


1 


08/08/05 


53591.36 


13.717 (.057) 


13.507 (.039) 


13.398 (.058) 


1 


23/08/05 


53606.33 


13.553 (.022) 


13392 (.023) 


13.287 (.028) 




27/08/05 


53610.38 


13.521 (.008) 


13.357 (.019) 


13.242 (.039) 




29/08/05 


53612.32 


13.515 (.013) 


13352 (.018) 






30/08/05 


53613.32 






13.256 (.031) 




10/09/05 


53624.31 


13.500 (.018) 


13.251 (.028) 






12/09/05 


53626.26 


13.474 (.033) 


13.249 (.029) 


13.240 (.037) 




15/09/05 


53629.29 


13.463 (.058) 


13.258 (.041) 


13.186 (.029) 




26/09/05 


53640.27 


13.517 (.019) 


13.257 (.046) 


13.140 (.039) 




28/09/05 


53642.28 


13.530 (.032) 


13.228 (.053) 


13.159 (.030) 




14/02/06 


53781.48 


17.222 (.220) 




16.452 (380) 




24/03/06 


53818.74 


17.621 (.137) 


17354 (.169) 


17.119 (.119) 




26/11/06 


54065.67 


18.114(320) 


17.809 (.450) 






01/12/06 


54070.66 


18.129(310) 








02/12/06 


54071.66 






17.428 (.320) 





1 = 1.08-m AZT24 Telescope + SWIRCAM (Pulkovo Observatory, St. Petersburg, Russia + 
INAF-Osservatori Astronomici di Roma and Teramo, Stazione di Campo Imperatore, Italy); 

2 = 3.58-m Telescopio Nazionale Galileo + NICS (Fundacion Galileo Galilei-INAF, La Palma, 
Spain). 



mentioned by Tsvetk ov et al.l j2006l) and shown in their Figure 4, is 
not visible in our calibrated photometry (see Figure |3j- This puta- 
tive peak was likely an artifact due to the lack of selection criteria in 
collecting unfiltered observations from a large number of amateur 
astronomers. For comparison, in Figure [3] t he rising phase of th e 
normal type IIP SN 2006bp, as presented in lOuimbv et alj {20071) . 
is also shown. The behaviour of these two objects suggests that the 
rise to the maximum light is extremely rapid in SNe IIP, lasting 
about 2 days, and it is much faster than that observed in other SN 
types. 



2.2 The Plateau Phase 

Optical and NIR light curves of SN 2005cs obtained during the first 
4 months (including also the amateurs observations discussed in 
Section l2Tt are shown in Figure [4] The black sy mbols ar e orig- 
inal data presented in this paper plus the data of IPaper H recali- 
brated with the new s equence of stars, while the red ones are from 
iTsvetkov et al.| j2006). Evidence of a maximum light is visible only 
in the U and B b and light curves (a nd also in the UV observa- 
tions presented bv lBrown et al.| [2007). In the other optical bands 
SN 2005cs shows a long period (more than 100 days) of almost 
constant luminosity (especially in the V band). Unlike the optical 
light curves, in the NIR the luminosity increases monotonically un- 
til the end of the plateau. We note that a plateau of 100-120 days is 
a common feature of most SNe IIP (see also the systematic analysis 



inlHoflich et alj200ll ; lHarriu^l2003l : lN^dvozMrill2003l : IChieffi et al] 
120031) . 

During the plateau phase the massive H-rich envelope, which 
was fully ionised at the time of the initial shock breakout, cools 
and recombines. During this period the SN becomes progressively 
redder. Multiple colour curves of SN 2005cs during the first few 
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Figure 4. SN 2005cs in M51: UBVRIzJHK l ight curves during the plateau 
phase. The early-time optical photometry of ITsvetkov et alj I200tj) is also 
reported, with red symbols. 



months are shown in Figure [5] and compared wit h those of a few 
well o bserved SNe IIP: the peculiar SN 1987 A (see lWhitelock et alj 
1989, and references therein), the norma l luminosity SN 1999em 
dHamuv et al.ll200lhlLeonard et alj[2002bl : lElmhamdi etafll2003 i . 
iKrisciunas et al J 12009 ), and the low-lumin osity SNe 1999br and 
1999eu jHamull2003l ; IPastorello et"al]|2004h . All SNe IIP show 
a similar colour evolution, becoming monotonically redder with 
time, even though the peculiar SN 1987A reddens definitely faster 
than the others. Conversely, no significant colour evolution is visi- 
ble during the plateau phase in the NIR, with the / -//colour being 
constant at ~ 0.2 mags and the J - K colour at ~ 0.25 mags. 

After the end of recombination (about four months after core- 
collapse), the SN luminosity drops abruptly (Figure [6]l and the 
colour curves show a red peak (see Section 12.31 an d Figure [7J > 
previously observ ed in other type IIP SNe JPastorello et alj|2004l : 
iHendrv et alj2005l) . SN 2005cs declines by about 4.5 mag within 3 
weeks in the B band, by ~ 3.8 mag in the V band, ~ 3.1 mag in the 
R band, ~ 2.7 mag in the / band, and ~ 2.3 mag in z. This drop is 
unusually lar ge, since in most type II P SNe it is in the range 1.5-3 
mag (see e.g. lElmhamdi et alj|20 03b). 



2.3 The Nebular Phase 

Once the H envelope is fully recombined, SN 2005cs is expected 
to approach the nebular phase. In this phase, its luminosity is sus- 
tained only by the radioactive decay of iron-group elements. Under 
the assumption of complete y-ray trapping, the light curve is ex- 
pected to decline with a rate of 0.98 mag/lOOd, consistent with the 
decay of 56 Co into 56 Fe. In Figure[6]we show the late-time optical 
photometry of SN 2005cs. It is wo rth noting that the post-plateau 
photometric data of ITsvetkov et all i l2006h are not shown in Figure 
[6] because they are systematically brighter than those presented in 
this paper. This is probably due to the different methods used to 
derive the magnitudes. In fact, when the SN luminosity is compa- 
rable to that of the local background, the photometry without tem- 
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Figure 5. SN 2005cs in M51: U - B, B - V and V - R (top panel, dur- 
ing the plateau phase) and V — I, I — z, J — H, J — K colour curves (bot- 
tom panel, up to 155 da ys), and comparison with the type II P SNe 1987A 
jWMtelock et alj 1 19891 and references therein), 1999em jHamuy et alj 
l200ltlLeonard et alj2002btlElmhamdi et al.l2003^lKrisciunas et alj2009h 
1999e u IPastorello et alj|2004 and 1999br jHamu^l2003t IPastorello et alj 
12004) . 



plate subtraction no longer provides good results. For this reason 
we subtracted the host galaxy using archival images obtained be- 
fore the SN explosion. Comparing our B band magnitudes of the 
ra dioactive tail ob t ained with the template subtraction with those 
of lTsvetkovetalJ ( l2006h . we find differences as large as 1 mag. 
This is not surprising, since SN 2005cs at late phases emits mostly 
at re d wavelengths and, he nce, the B band magnitude estimates 
from iTsvetkov et alj ((2006) are expected to be significantly con- 
taminated by the contribution of foreground sources. Once more, 
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Figure 6. SN 2005cs in M5 1 : BVRI light curves during the nebular phase. 
The typical slope of the 56 Co decay to 56 Fe (in the case of complete -y-ray 
trapping) is also indicated by a dashed line. 



the subtraction of the host galaxy is crucial to get reliable magni- 
tude estimates when the SN fades in luminosity. 

The decline rates of SN 2005cs in the different bands during 
the period 140-320 days (Figure [6]l are: y B = 0.32, y v = 0.46, y« 
= 0.71 and ji = 0.77 mag/100''. These are all signi ficantly smaller 
than the decline rate expected from the 56 Co decay. Utrobiij< l2007l) 
describes a transitional phase in the light curve evolution of SNe 
IIP where the luminosity does not fall directly onto the radioactive 
tail becau se of a residua l contribution from radiation energy. Ac- 
cording to lUtrobinl ( 120070 . a radiation flow generated in the warmer 
inner ejecta propagates throughout the transparent cooler external 
layers, and contributes to the light curve as an additional source. 
One can observe this p hase as a sort o f late-time plateau (labelled 
as plateau tail phase by Utrobin 2007), before the light curves ap- 
proaches the proper, uncontaminated radioactive decay phase. This 
transitional period is observed in many type IIP SNe. A flattening in 
the early nebular tail wa s observed in the light curve of SN 1999em 
(Elmhamdi et al. 2003a), lasting less than one month (as estimated 
by lUtrobinl 120071 for a normal SN IIP). This phenomenon ap- 
pears much more evident in underluminous, low-energy events (e.g. 
this late light curve fl attening was clearly observed in SN 1999eu, 
IPastorello et alj2004l) . The situation for SN 2005cs is similar to that 
of SN 1999eu, since the secondary, late-time plateau lasts for about 
6 months (possibly showing some substructures, like a step visible 
in Figure [6] around 220 days). This, together with the evidence that 
P-Cygni photospheric lines are persistent in the SN spectra over a 
period of almost one year (see Section l4~T1 l. indicates that the tran- 
sition to the "genuine" nebular phase is very slow in SN 2005cs 
and, probably, also in most other underluminous SNe IIP. 

At very late epochs (/ > 330 days) the SN luminosity declines 
faster. This is possibly an indication of (i) dust forming in the SN 
ejecta, (ii) a lower efficiency of y-ray trapping due to the decreased 
density of the ejecta, or -more likely- (iii) that the residual lumi- 
nosity contribution from radiation energy is vanishing and the light 
curve of SN 2005cs is finally settling onto the 'true' radioactive tail 
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Figure 7. SN 2005cs in M5 1 : B - V (top) and V-R (bottom) colour curves 
from early-time to the nebular phase. SN 2005cs is compared to the sam- 
ple of t ype IIP SNe from Figure|5]and the pr ototypical low-luminosity SN 
1997D dlurattoet al.ll99 8: Benetti et alj200lh . 



dUtrobinll2007l) . The measured slope of the light curve after ~ 330 
days is close indeed to that expected from the 56 Co decay (see Fig- 
ure |6). Further constraints can be obtained through the analysis of 
the nebular spectra (Section r4.lt . 

The comprehensive B - V and V-R colour curves of SN 
2005cs and other SNe IIP (the same as in Figure [5] but extended 
until 1 year after core-collapse, and including those of the reference 
low-luminosity SN IIP 1 997D) are shown in Figure [7] SN 2005cs , 
like other faint SNe IIP jPastorello etal]|2004lSDiro et alj|2009h . 
shows a characteristic red peak in the colour evolution during the 
steep post-plateau luminosity decline. However, while B — V is con- 
stant at about 2 mag during the subsequent period, the V-R colour 
(which peaks around 1.6 mag) becomes slightly bluer when the SN 
settles down onto the exponential tail, reaching V - R ~ 1.2. Note, 
however, that the faintness of SN 2005cs at the blue wavelengths at 
late phases makes the corresponding colour estimates rather uncer- 
tain. 



3 BOLOMETRIC LIGHT CURVE AND NI MASS 

Using t he data present e d in th e pr evious sections, and early-time 
data of lTsvetkovetal.1 d2006h and iBrown et all d2007h . we com- 
puted the bolometric light curve of SN 2005cs. The bolometric lu- 
minosity was calculated only for epochs in which V band observa- 
tions were available. Photometric data in the other optical bands, if 
not available at coincident epochs, were estimated interpolating the 
data of adjacent nights. Lacking NIR observations between 3 and 7 
months after the SN explosion (i.e., during the period of the tran- 
sition between the photospheric and the nebular phase), the contri- 
bution in the z, J, H and K bands was estimated by interpolating 
the I — z, z — J, J — H and H - K colour curves, respectively, with 
low-order polynomial functions. With this approach we can extrap- 
olate information on the behaviour of the NIR light curves in the 



Figure 9. SN 2005cs in M51: quasi-bolometric UBVRI light curve of SN 
2005cs compared with those of a heterogeneous sample of type IIP SNe 
(see text for information and references). 



missing epochs. The colour curves of type IIP SNe, indeed, evolve 
less abruptly than the light curves during the transition between the 
plateau and the nebular phases (see e.g. Figure|5] bottom), and con- 
sequently the errors in the recovered magnitudes are expected to be 
quite small (below ~0. 1 mags). 

The contribution in the UV bands was estimate d making use 
of the photometry presented by Brown et al. I fe007t) . and assum- 
ing negligible UV contribution during the nebular phase. The fi- 
nal bolometric light curve, which spans a period of about 380 days 
from core-collapse, is presented in Figure[8](top panel). The contri- 
bution of the UV bands to the luminosity during the first ~20 days 
(corresponding to the peak of light in the bolometric light curve of 
Figure[8]l is around 60 per cent of the total luminosity, while during 
recombination most of the flux arises from the contribution of the 
optical bands (VRI). The NIR bands contribute mainly during the 
late nebular phase, when 50 per cent of the total luminosity falls 
in the NIR domain. In order to help the eye in evaluating the con- 
tribution of the different wavelength regions, the quasi-bolometric 
(UBVRI) light curve obtained by integrating the fluxes in the optical 
bands only is also shown in Figure[8](top panel). For completeness, 
most broad band observation s available in the literature, from the 
UV data dBrown et aT]|2007h to the NIR, are displayed in Figured] 
(bottom panel). The data pr esented in this pap er are reported with 



black symb ols, those from 



and those of lTsvetkov et al 



Brown et al.1 J2007I) are shown in blue, 
J2006t) in red. 



In Figure [9] we show the quasi-bolometric (UBVRI) light 
curve of SN 2005cs, compared with those of some represen- 
tative type IIP SNe, spanning a wide range i n luminosity: 
SN 1999br faamuvj 120031: iPastorello et all 120041) . SN 2004dj 
I Vinko et al.ll2006» SN 1999gi ^Leonard et al.l2002al), SN 1999em 
l Hamuv et alj200ll:lLeonard et al.ll2002bl : lElmhamdi et alj2003al) . 
SN 2003gd faendrv et all |2005|)| SN 2004et dSahu et all l200d: 
iKuntal et alj|2007l) . SN 1996W jPastorelloll2003l) . The plateau lu- 
minosity of SN 2005cs is lower than those of normal SNe IIP, 
but significantly higher than that of the extremely faint SN 1999br 
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Figure 8. SN 2005cs in M51. Top: quasi-bolometric (UBVRI) light curve of SN 2005cs obtained by integrating the fluxes in the optical bands, and bolometric 
light curve obtained by considering also the contribution of the UV and the NIR wavelength regions (see text for more detail). Bott om: individual UV, o ptical, 
NIR light curves of SN 2005cs. Black sym bols are observations reported in tables|5]|3]and|4]of this paper, red symbols are those of Tsvetkov et al. ( 20061) and 
the blue ones are from lBrown et alj j2007l) . The dot-dashed green vertical lines mark the turn-off points of the bolometric light curve of SN 2005cs, indicating 
different phases in the SN evolution. 



jHamuvll2003l ; IZampieri et alj|2003l : IPastorello et alj|2004l) . After 
the plateau, SN 2005cs shows a remarkably strong post-plateau 
decay onto the radioactive tail, deeper than that observed in any 
other type IIP SN in Figure|9] As a consequence, the radioactive tail 
of SN 2005cs is very underluminous, close to that of SN 1999br. 
This is an indication of the very small mass of 56 Ni ejected by SN 
2005cs, around 3xl0~ 3 M o (obtained from a comparison with the 
late-time luminosity of SN 1987 A), which is consistent with the 



amount estimated for other underlumin ous, 56 Ni-deficient SNe IIP 
dPastorello et al.ll2004lspiro et alJ2009l) . 

4 SPECTROSCOPY 
4.1 Optical Spectra 

The spectroscopic monitoring of SN 2005cs extended over a pe- 
riod of about one year. Early-time spectra (obtained during the first 
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Figure 10. SN 2005cs in M51: spectral evolution during the first 2 months. The strongest spectral lines are labelled. The ( 
most important telluric bands. For the codes identifying early-time spectra, see lPaper 1 



symbol marks the positions of the 



month after the SN discovery) were presented in IPaper jj In this 
Section we analyse the complete spectroscopic evolution of this 
SN, including spectra obtained during the nebular phase. Informa- 
tion on the spectra obtained since August 2005 (i.e. starting about 
one month after the discovery) is report ed in Ta ble [5] while infor- 
mation on earlier spectra can be found in lPaper j . The full sequence 
of early-time spectra o f SN 20 05cs (phase < 2 months, including 
also those published in Paper I) is shown in Figure [Tol 

The sequence of photospheric spectra of SN 2005cs in Figure 
[l0]highlights the metamorphosis which occurred between the early 
photospheric phase (Paper J) and the middle of the recombination 



period. In early photospheric spectra, characterized by a very blue 
continuum, mostly H and H e I lines are visible, with the likely pres- 
ence o f N II lines (see e.g . Schmidt et al. 1993; Dess art & Hillierl 
I2005L 120061 : iBaron et all 120071 : iDessart et all I2OO8I) . With time 
(about 1-2 weeks after explosion), the strong He I /15876 line dis- 
appears and is replaced by Na ID (/!/!5890,5896, see also the left 
panel in Figure ITTb. In this phase, also O I /17774, Ca H&K, the 
NIR Ca II triplet and the strongest Fe II multiplets appear. This 
transition phase is visualised in Figure [TT] where the most impor- 
tant spectral features undergo an evident transformation. In order 
to help the eye, the rest wavelengths of the main lines are marked. 
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Table 5. Jou rnal of sp ectroscopic observations of SN 2005cs, from August 2005 to May 2006. Information on spectra obtained before August 2005 is reported 
in Table 2 o flPaper 1 The phases are computed with reference to the explosion epoch. 



Date 


JD 


Phase 


Instrumental 


Range 


Resolution" 




+2400000 


(days) 


configuration 


(A) 


(A) 


09 /OS /OS 
UZ/Uo/UJ 


S^5RS A 


36 4 


t i s?+RPn i ;r+om a 

1j 1 . JZ + I3rtJlJ^+gIIl. i T 


^580 8790 


l J 


1 0/08/05 


535Q3 4 


44.4 


TNn+nOT ORF*\4-T RR T RR 


^960 Q760 


14 14 


97/08/0*; 


53610 4 


61 4 


TNri4-nni orps+t rr t rr 


^970 Q^SO 
ji /u — 7UJU 


12 12 


9 8 /08 /OS 


5361 1 4 


62 4 


TNn+NTrN+trm TT 


8700—14.54.0 

O / \)\J 1 




1 1 /i n/os 


JJOJJ. J 


1 C\fi ^ 


HKdl +rtnJo^+gIIl.+ 


Q^70 7S10 
jO / U — / o 1 1. } 


24 


9Q/i n/os 


53672 7 


123 7 


Flnr-4- APOSr+ffm A 
I L K lII TrtnJo^+glll.H 


Q^70 7810 
jO / U — / o 1 U 


24 


08/11/05 


53682.7 


133.7 


Ekar+AFOSC+gm.4 


3630-7800 


24 


03/12/05 


53708.0 


159.0 


HET+LRS+g2(600)+GG385 


4290-7340 


5 


1 1/12/05 


53715.6 


166.6 


Ekar+AFOSC+gm.4 


3490-7820 


24 


22/12/05 


53726.6 


177.6 


Ekar+AFOSC+gm.4 


3490-7810 


24 


07/01/06 


53742.9 


193.9 


HET+LRS+g2(600)+GG385 


4290-7340 


5 


08/02/06 


53774.7 


225.7 


Ekar+AFOSC+gm.4 


3480-7810 


24 


25/03/06 


53819.9 


270.9 


HET+LRS+g2(600)+GG385 


4380-7170 


5 


01/04/06 


53826.5 


277.5 


WHT+ISIS+R300B+R158R 


3060-10620 


6.9 


05/04/06 


53830.4 


281.4 


TNG+NICS+gm.IJ,HK 


8670-25750 


6,11 


27/05/06 


53882.6 


333.6 


TNG+DOLORES+LRR 


5050-10470 


18 



" as measured from the full-width at half maximum (FWHM) of the night-sky lines 



L152 = Loiano 1.52-m Cassini Telescope, INAF - Osservatorio Astronomico di Bologna, Loiano (Italy); 

TNG = 3.5-m Telescopio Nazionale Galileo, Fundacion Galileo Galilei - INAF, Fundacion Canaria, La Palma (Canary Islands, Spain); 

Ekar = 1 .82-m Copernico Telescope, INAF - Osservatorio di Asiago, Mt. Ekar, Asiago (Italy); 

HET = 9.2-m Hobby-Eberly Telescope, McDonald Observatory, Davis Mountains, (Texas, USA); 

WHT = 4.2-m William Herschel Telescope, Isaac Newton Group of Telescopes, La Palma (Canary Islands, Spain). 




-6000 6000 6000 6000 -6000 

v (km s _1 ) 

Figure 11. SN 2005cs in M5 1 : evolution of selected spectral features during 
the photospheric phase. Dashed blue lines and dot-dashed red lines mark the 
rest wavelength positions of He I i5876, Na ID, Ba II i6497, Ha and Ca II 
i8542. 



Like in other underluminous SNe IIP JPastorello etai]|2004h . 
while the continuum temperature decreases due to the adiabatic ex- 
pansion of the photosphere, the spectra become progressively red- 
der during recombination, and a number of narrow metal lines (Fe 
II, Ti II, Sc II, Ba II, Cr II, Sr II, Mg II) ris e to dominate the spec- 
trum (for a detailed line identification, see Pastorello et al. 2004, 




50 too 

phase (days) 



Figure 12. SN 2005cs in M51: evolution of the line velocity of Ho- (top) 
and Sc II (bottom), and comparison with other low-luminosity SNe IIP and 
the normal type IIP SN 1999em. 



2006). In particular, at the red and blue wings of the H a line, promi- 
nent li nes of Ba II, Fe II and Sc II develop. In addition, Dess artet al.l 
(2008) identify C I to be responsible for a few lines in the region 
between 9100 and 9600 A. Strong line blanketing from metal lines 
causes a deficit of flux in the blue spectral region. Striking is the 
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Figure 13. SN 2005cs in M51: spectroscopic transition toward the nebular phase. A spectrum of SN 1997D obtained at the end of the photospheric phase is 
also shown as a comparison. The position of the most important telluric bands is marked with ffi. 



decrease of the photospheric expansion velocity during this period: 
the P-Cygni spectral lines become much narrower, reaching a ve- 
locity of 1000-1500 km s at the end of the plateau (Figure [T2t. 

The general properties of the photospheric spectra of SN 
2005cs allow us to definitely conclude that this object belongs 
to the well-known c lass of low-velocity, 56 Ni-poor SNe IIP 
jPastorello et al.| [2004). In particular, the evolution of the expan- 
sion velocities as derived from the P-Cygni minima of Ha and Sc 
II /16246 nicely matches those of other events of this family (SNe 



1997D, 1999br, 1999eu, 2001dc, 2002gd, 2003Z, Turatto et al 



1 19981: iBenetti et al.ll200ll : iPastorello et all2004 ISpiro et alJl2009T) 



The line velocities of these SNe are systematically smaller by a fac- 
tor ~ 2 (see Figure T2) with respect to the normal SN IIP 1999em 



jHamuv et al.ll200ll : lLeonard et al.ll2002bl : lElmhamdi et alj20033) . 

In Figure [T3l the sequence of spectra of SN 2005cs from the 
late photospheric phase to the nebular phase is shown. On top of 
the figure a spectrum of the prototypica l underluminous SN 1997D 
dTuratto et afll 19981 : IBenetti et alfeoOll) obtained at the end of the 
plateau is also included. This spectrum is shown in order to fill 
the gap in the spectroscopic observations of SN 2005cs during the 
period 62-106 days. 

Figure [14] is the analogue of Figure [TT] but in this case a few 
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Figure 14. SN 2005cs in M51: same as Figure [TT] but during the nebular 
phase. Dashed blue lines and dotted red lines mark the rest wavelengths of 
Na ID, [O I] /U6300,6364, Ho- and [Ca II] ,U7291,7324. The narrow Hor 
component visible in the HET spectra at phases +159.0, +193.9, +270.9 is 
due to an improper subtraction of the background H II region. 
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Figure 15. Comparison between nebular spectra of SN 2005cs and SN 
1997D obtained about 1 year after the exp losion, with l i ne id entification. 
The spectrum of SN 1997D, presented in Ben etti et all fcOOlh . has been 
smoothed with a boxcar size of 5 A. 



typical lines visible during the nebular phase are shown (Na ID, [O 
I] ,1,16300,6364, Ha and [Ca II] ^17291,7324). It is worth noting 
that the peak of Ha is always shifted towards redder wavelengths 
by about 700-800 kms -1 . This phenomenon, observed in nebular 
spectra of other core-collapse SNe (e.g. SN 1987A a nd SN 1999em, 
IPhillips & Williams! 1 1 99 ll : lElmhamdi et alj l2003iJ) is usually in- 
terpreted as evidence of asymmetry in the 56 Ni distribution. Red- 
shifted line peaks are explained with a higher hydrogen excitation 
due to the ejection of an excess of 56 Ni in the receding hemisphere. 
On the contrary, blueshifted peaks may be observed when most of 
the 56 N i is ejected in the di rection towards the observer (like in SN 
2004di. lchugai et alJ|2005T) . In this context, it is worth noting that 
evidence of polarized r adiation from early-t ime observations of SN 
2005cs was reported bv lGnedin et alj (l2007), possibly an indication 
of asymmetric distribution of the ejected material. 

The overall characteristics of the spectrum of SN 2005cs at 
~ 1 year after explosion closely resemble those of other faint SNe 
IIP (e.g. SN 1997D, see Figure [73] ) . with prominent Ha, and the 
Na ID and NIR Ca II features still well visible. However, forbidden 
nebular lines are now among the strongest features visible in the 
spectrum. The [Ca II] AA729 1,7324 doublet is particularly promi- 
nent, but also the [O I] ,1/16300,6364 doublet is clearly detected, 
though much weaker. The blue part of the spectrum of SN 2005cs 
(around 5300 A) is still dominated by Fe II lines (those of the multi- 
plet 49 are clearly visible), possibly blended with [Fe II] (multiplet 
19). The Na I /U5890.5896 doublet still shows a resi dual P-Cygni 
profil e. The weak feature at 6150 A (according to iBenetti et al.l 
l200ll) is probably due to a blend of Fe I, Fe II (multiplet 74) and 
Ba II (,16142, multiplet 2) lines. The identification of Ba II in this 
late spectrum of SN 2005cs is confirmed by the detection of the 
unblended ,16497 li ne of the same multiplet 2. In agreement with 
IBenetti et alJ l feOOll) . we also identify strong [Fe II] lines of the mul- 
tiplet 14 (possibly with the contribution of the multiplet 30 lines) in 
the region of [Ca II] AA729 1,7324. More uncertain is the identifica- 



tion of the strong feature at 7715 A, which is too blueshifted to be 
attributed to O 1 ,17774. We tentatively attribute it to [Fe I] (A7709, 
multiplet 1) and/or [Fe II] (/li/17638,7666,7733, multiplet 30). An- 
other strong line is visible at 8055 A, possibly due to a blend of [Fe 

I] ,1,18022,8055 (multiplet 13), [Fe I] ,18087 (multiplet 24), [Fe II] 
,18037 (multiplet 30) and [Fe II] ,1,18010,8012 (multiplet 46). This 
feature is observed in the late-time spectra of other type II SNe (e.g. 
in the one-year-old spectra of the SNe 1987 A, 1998A, 1999em, see 
figure 6 (bottom) of lPastorello et al.l2005al) . Finally, the red part of 
the SN 2005cs spectrum is still dominated by the prominent Ca II 
NIR triplet, possibly blended with O I and [Fe II] lines. Other [Fe 

II] lines are expected to contribute to the flux excess around 9100- 
9200 A. A comprehens ive identification of the nebular lines in SN 
1997D can be found in lBenetti etakl feOOll). 

According to Fransson & Chevalietl i 19871) and 
iFransson & Chevalieil dl989t) the ratio (%) between the lumi- 
nosities of the [Ca II] ^17291, 7324 and [O I] /U6300.6364 
doublets is almost constant at late epochs. It is believed to be a 
good diagnostic for the mass of the core and, as a consequence, 
for the main sequence mass of the precursor star. Objects with 
larger % are expected to have smaller main sequence masses. 
Elmh amdi et al.l d2004[ see their figure 3) showed that most type 
Ib/c SNe are clustered in the region with 21 ss 0.3-0.7, while for 
the peculiar type II SN 1987A a % « 3 was computed. Although 
lElmhamdi etall d2004l) remarked that the comparison between 
SNe Ib/c and SNe II may well be affected by systematic errors 
due to th e fact that the latte r have H-rich Ca II emitting regions 
(see also lde Kool et al Jl 19981) , the direct comparison between SN 
1987A and SN 2005cs is probably reliable. The luminosities of 
the two doublets as measured in the last spectrum of SN 2005cs 
(at ~ 334 days) yield % « 4.2 ± 0.6, which is 40% larger than 
that calculated for SN 1987A. This is an indication of a more 
modest He core and a relatively low main sequence mass for the 
progenitor of SN 2005cs. This looks consistent with the relatively 
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Figure 16. Comparison between uvoir spectra of SN 2005cs and SN 1997D 
obtained about two and three months, respectively, from the adopted epoch 
of the shock breakout. The insert (top-right corner) shows the line iden- 
tification in the region between 8400 A and 11 000 A in the spectrum of 
SN 2005cs. The position of the most important near-IR telluric absorption 
bands is also labelled. Telluric features in the SN 2005cs spectrum have 
been poorly corrected because the spectrum of the telluric standard was ob- 
tained a few days after that of the SN. 



l ow p r ogenitor mass e s (7-13 M e ) es t imate d b v iMaund et al.l 
2005). lLi et"al] j200fj) , |Takats & Vinkl < |2006|) and lEldridge et all 



2007). 



4.2 Near-Infrared Spectra 

SN 2005cs offered the rare opportunity to study the NIR spectrum 
of a nearby low-luminosity SN IIP. We collected two spectra of 
SN 2005cs, the former obtained during the photospheric phase, the 
latter (unfortunately with low signal-to-noise) during the nebular 
phase (see Table|5]for more information). 

In Figure [16] the +62 days optical+NIR (uvoir) spectrum of 
SN 2005cs is co mpared with the uvoir spectrum of SN 1997D 
( iBenetti et al.l200ll) at the end of the plateau phase. The two spectra 
appear to be rather similar, although that of SN 2005cs is slightly 
bluer owing to the one-month difference in phase. For the same rea- 
son, SN 2005cs shows slightly broader lines than SN 1997D. Nev- 
ertheless, the most important features commonly observed in type 
IIP SN spectra during recombination are visible in both spectra. In 
the insert of Figure[T6] a blow-up of the region between 8200 A and 
1 1 140 A in the SN 2005cs spectrum is shown. The main spectral 
lines are identified, with the most prominent features being the NIR 
Ca II triplet, and blends of the H I Paschen lines with strong Sr II 
(multiplet 2), C I, and Fe II lines. Interestingly, the classical feature 
at 10850 A is partially unblended in the spectrum of SN 2005cs ow- 
ing to the narrowness of the spectral lines. It is mostly due to Py, Sr 
E /1 109 15 and C I /1 10691, while the contribution of He 1 ,110830 
is probably less important than in other core-collapse SN types. 

A second NIR spectrum of SN 2005cs was obtained at a phase 
of about 281 days. In Figure [T7] this spectrum is compared with 



Figure 17. Comparison between the nebular NIR spectrum of SN 
2005cs (phase ~ 281 days) and that of SN 1999em (phase -444 days, 
lElmhamdiet alj20 Q3a). and tentative line identification. 



that of the type IIP SN 1999em at a phase of about 15 months 
after explosion jElmhamd i et al. 2003 a]). An atte mpt of line iden- 
tificati on is made, following iBautista et al.l Il995) and lPozzo et al.l 
(2006). The strongest features visible in the spectrum are those of 
the Paschen series of H, and the He 1 ,110830 and ,120580 lines. A 
relatively strong feature at 11310 A is identified as the O I A 11 290 
Bowen resonance line, another one at 16445 A as a blend of [Fe II] 
and [Si I]. Unfortunately, the low signal-to-noise of the spectrum 
does not allow to clearly distinguish other spectral features. 



5 CONSTRAINING THE PROGENITORS OF 
LOW-LUMINOSITY SNE IIP 

5.1 The Progenitor of SN 2005cs 

The nature of the progenitors of low-luminosity SNe IIP has been 
extensively debated during the last decade, and only the explo- 
sions of very nearby objects could offer key information and com- 
pelling answers. This was the case with SN 2005cs, whose vicin- 
ity offered the opportunity to comprehensively analyse the spectro- 
photometric properties of the SN, to study in great detail the SN 
environment, and to recover the progenitor star in pre-explosion 
archive images. The impressive quality and quantity of informa- 
tion collected for SN 2005cs by many groups on a wide range of 
wavelengths has shed light on the nature of the star generating this 
underl uminous SN. 

In lPaper 5 and in this paper, the similarity of SN 2005cs with 
a number of other SN 1997D-like objects was discussed. In anal- 
ogy to other events of this family, the possibility that SN 2005cs 
arose from the explosion of a relatively massive RSG was not ruled 
out (Paper I). Direct studies of the progenitor, however, seem to 
suggest a lower-mass precursor, although mass loss episodes in the 
latest phase of the evolution of the progenitor cannot be definitely 
excluded. This could conceivably mean that the light of the pre- 
cursor star was partly extinguished by dust. However, there is ev- 
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Figure 18. Comparison between the bolometric light curve of SN 2005cs 
(filled black points) and the 2 models described in the text. Model A 
(dashed blue line), that requires higher total ejected mass and 2.8 X 1(T 3 M Q 
of 56 Ni, well matches the early observed radioactive tail. Model B (dot- 
dashed red line), instead, needs a slightly lower ejected mass and more 56 Ni 
(4.2 X 1(T 3 Mo), and fits better the late radioactive tail. 



idence of low reddening towards SN 2005cs. This is key informa- 
tion, since the presence of dust along the line of sight would imply 
higher extinction, affecting the colour and luminosity estimates of 
the SN progenitor. As a consequence, the m ass of the star would b e 
underestimated. However, as pointed out by Eldridge et al.l d2007l) , 
the non-detection of the progenito r star in the NIR pre-SN images 
(Maund et al. 2005; Li et al. 2006), where the effect of dust extinc- 
tion on the stellar light is much weaker, is a proble m for the high- 
reddening scenario. Therefore, the conclusions of lEldridge et al.l 
d2007h give full support to the moderate-ma s s «12M B ) pro geni- 
tor scenario proposed by Itvlaund et al.l J2005h . Ili et alj bOOot) and 
iTakats & Vinkd d2006t). 

Baron et al] d2007l) . through the modelling of some 
early-time spectra of SN 2005cs with the PHOENIX code 
dHauschildt & Baronl [l999), argued that the observed spectral 
properties of SN 2005cs agree with an almost negligible extinc- 
tion, with E(B-V) being in the range 0.03 5-0.05. Using the non- 
LTE model atmosphere code CMFGEN (iHillier & Millerl 1 1 9981; 
IDessart & Hillierl l2005h . iBrown et al] d2007l) and iDessart et all 
(2008) found a similarly low extinction. Such a small extinction 
implies a lower intrinsic luminosity of the precursor star and a 
redder colour, indicating that t he progenitor star w as m arginally 
less m assive than reported by iMaund et al.l d2005h and iLi et al] 
d2006l) . 

As an alternative to the direct detection of the progenitor 
in pre-explosion images, the final stellar mass can be estimated 
through the modelling of the observed SN data. This approach has 
been applied to the cases of num erous underluminous type IIP SNe 
(SNe 1997D and 1999br, see e.g.lZampieri et alj2003h . The model, 
extensively described by IZampieri et al] (|2003), makes use of a 
semi-analytic code that solves the energy balance equation for a 
spherically symmetric, homologously expanding envelope of con- 



stant density. The code computes the bolometric light curve and 
the evolution of line velocities and the continuum temperature at 
the photosphere. The physical properties of the envelope are de- 
rived by performing a simultaneous x 2 fit °f these three observ- 
ables with model calculations. With the shock breakout epoch (JD 
= 2453549.0 ± 0.5), distance modulus (ji = 29.26) and reddening 
(E(B - V) = 0.05) adopted in this paper (see Sections [T1 and |2~T1 >. 
good fits are obtained with the two models shown in Figure [TS] In 
both models the initial radius is Ro = 7 x 10 12 cm (about 100 R Q ) 
and the velocity of the expanding envelope at the onset of recom- 
bination is 1500+ 100 kms -1 . However, different regions of the 
late time light curve of SN 2005cs are assumed to represent the 
true radioactive tail. Model A (dashed blue line) is obtained adopt- 
ing an explosion (kinetic plus thermal) energy of E ~ 3xl0 50 erg 
(0.3 foe), a 56 Ni mass of 2.8 (±0.2) x 10~ 3 M G and a relatively 
large total ejected mass of M e j = 11.1 ±2.6 M G . This model fits 
the bolometric light curve of SN 2005cs during the plateau and un- 
til ~250 days. Model B (dot-dashed red line) results from En. ~ 
0.26 foe, M( 56 Ni) = 4.2 (±0.2) x 10 -3 M Q and M CJ = 9.6 ± 1.8 M G . 
The latter model has a good match with the bolometric curve at 
phases later than ~ 280 days. In any case, the two models constrain 
the amount of ejected 56 Ni to be very small, about 3^4- x 10~ 3 M G . 
This value is fully consistent with the 56 Ni mass range estimated 
for other low-luminosit y SNe IIP (2-7 x 10 " 3 M G . |Pastorello et al] 
12004 ISpiro et al. 2009), and about 1 order of magnitude less than 
the average amount syn thesized by normal type IIP SNe dHamuvl 
120031 : lNadvozhirill2003l) . 

Adding the mass of a compact remnant to that of the ejected 
material, we may therefore constrain the final mass of the progen- 
itor of SN 2005cs to be around 10-15 M Q (considering the un- 
certainties), which is consistent with the other estimates derived 
through the direct detection of the progenitor star. 

It is worth noting that t he parameters derived her e are differ- 
ent from those obtained by lUtrobin & Chugad {2008): R = 600 
± 140 R Q , E « 0.41 foe, M( 56 Ni) = 8.2 (±1. 6) x 10~ 3 M a and 
M e j = 15.9 M G . Including the mass of the core. lUtrobin & Chugad 
(2008) indeed obtained a larger pre-SN mass of 17.3 ± 1.0 M Q . 
This inconsistency can be par tly explained by th e significantly 
higher 56 Ni mass adopted by lUtrobin & Chugail d2008h . which 
was obtained from the overestimated radioactive tail luminosity of 
iTsvetkov et al] d2006l) (see Section |23t , and by different assump- 
tions in mixing of chemical elements. 

5.2 The Progenitors of Low-Luminosity SNe IIP 

There are now a number of clues indicating that SN 2005cs proba- 
bly arose from a moderate-mass progenitor. However, we still need 
to understand whether all underluminous SNe IIP are generated 
by the explos ion of moderate-mass stars (e.g. electon capture su- 
pernovae, see iKitaura et aljfeood : IWanaio et al] |2008). or if some 
of them are instead related to black-hole formin g massive precur- 
sors as suggested bv lZampieri et al.ldl998|]2003l) and lNomoto et al] 
(2003). The second possibility would imply that a double popula- 
tion of underluminous core-collapse SNe might exist, sharing sim- 
ilar observed properties but having different progenitors. If this is 
the case, which parameters may allow us to discriminate among 
different progenitors capable of producing faint SNe IIP? 

We have to consider this possibility, since there is some degree 
of heterogeneity among the observables of low-lumi nosity SNe IIP . 
Contrary to wh at is observed in normal SNe IIP dHamuvl [20031: 
|Pastorelloll2003l) . the plateau magnitude in underlumi nous events 
does not seem to well correlate with the 56 Ni mass (see lSpiro et al] 
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2009). This is quite evident analysin g the bo lometric light curves 
in Figure 3 (top) of IPastorello et al] d2005bh : objects with lower 
average plateau luminosities are not necessarily those with deeper 
post-plateau luminosity drops (and, as a consequence, those having 
smaller ejected 56 Ni masses). Despite its plateau luminosity being 
one of the highest among the objects of this sample, SN 2005cs 
exhibits the largest magnitude drop (4-5 mags in the B band), com- 
parable to that of SN 2002gd, and similar to those of the extremel y 
underluminous SNe 1999br and 1999eu dPastorello etal] l2004h . 
Other low-luminosity SNe IIP (including e.g. SNe 1997D, 2003Z, 
2001dc) drop by a more modest 2-3 mags. It is unclear, however, if 
this dispersion is due to intrinsic differences among the progenitors 
at the time of their explosion, or to a variable addi tional contribu- 
tion from residual radiation energy, as suggested by Utrobin ( 2007) 
in the case of SN 1999em. We may speculate about the associa- 
tion of events showing a deep post-plateau magnitude decline with 
moderate-mass stars, as sugges ted by the magnitudes and colours 
of the precursor of SN 2005cs dMaund et al]|2005tlLi et alj|2006h 
and the missing detections of the progenitors of SNe 1999br and 
2006o v jVan Dvk et aHl2003l ; lMaund & Smarttll2005l : ISmartt et al.1 
2008)0 However, while observational evidence seems to exclude 
very massive progenitors for faint SNe IIP similar to SN 2005cs, 
the issue remains open for SN 1997D and other underluminous 
events showing more moderate post-plateau luminosity declines. 
Since none of the latter have occurred in nearby galaxies, their pro- 
genitors have eluded detection in pre-explosion ima ges so far. If the 
data modelling of some SNe of this group (see e. g. Zampieri et al. 
l2003l : IZampierj200llutrobin et alj20"07l : IUtrobin & Chugail20oj) 
suggests that they originate from 15-20 M Q precursors, only the de- 
tection or a robust limit in pre-explosion images can definitely shed 
light on the real nature of their progenitor stars. 



6 SUMMARY 

New optical and near-IR data of SN 2005cs extending up to over 1 
year post explo s ion ar e analysed together with those presented in 
IPastorello etafl d2006h and others from the literature. These allow 
us to compute for the first time a reliable bolometric light curve for 
a low-luminosity type IIP SN. 

SN 2005cs is mildly underluminous during the plateau phase, 
but it has a very faint radioactive tail, suggesting that a very small 
amount of 56 Ni (~ 3 x 10~ 3 M Q ) was ejected. The spectra, that are 
very red at the end of the H recombination phase, show very narrow 
spectral lines indicative of low-velocity ejecta (about 1000-1500 
kms~'). All these numbers reveal the affinity of SN 2005cs to the 
family of underluminous, 56 Ni-poor, low-energy SNe IIP similar to 
SN 1997D. 

The direct observations of the progenitor of SN 2005cs in 
archive images, the characteristics of the nebular spectra and the 
modelling of the SN data all indicate that the progenitor star was 
likely a moderate-mass (8-15 M G ) red supergiant, and not one 
of the massive, black-hole-forming stars previously proposed as 
the best candidates for generating 1997D-like events. However, 



2 We note that lLi et al l Hwli) announced the detecti on of the progenitor o f 
SN 2006ov as a red supergiant of 1 5^ M G . However, Crocke tt et all J2009h . 
on the basis of a careful re-analysis of pre-SN HST im ages, questioned the 
correctness of the detection claimed bv lLi et al] j2007l) . since they found no 
star at the SN position. They estimated a mass limit for the progenitor of 
SN 2006ovof <9M Q . 



some heterogeneity has been observed in the parameters of low- 
luminosity SNe IIP, and at present we cannot definitely rule out 
that more massive stars can similarly produce underluminous core- 
collapse SNe. 
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